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Abstract 
The evolution of the Cenozoic deformation of the Cordillera Oriental and of the contact zone with the Altiplano in 
southem Bolivia is well documented in the Tupiza, Nazareno and Estarca basins. The tectonic evolution started at about 29 
Ma. The period between 29 and about 22-21 Ma is marked by development of a pull-apart basin related to N-S-trending 
left-lateral strike-slip faulting; During this period, initial deposition consisted of andesitic lavas and detrital sediments 
(breccias; matrix-supported red conglomerates; sands and silts.. . ) of the Catati and Tupiza Formation, deposited in alluvial 
fan and flood plain environments. From 21 to 20 Ma, the tectonic setting evolved to N-S-oriented thrusts, which had a 
dgxtral component. This event caused the Tupiza basin to evolve into a full-ramp basin, and triggered the development of 
two piggy-back basins: Nazareno and Estarca. Both basins record detrital deposition (Nazareno Formation) in an alluvial fan 
environment. At 10-9 Ma, deformation in this area stopped allowing peneplanation during which time the San Juan de Oro 
erosional surface was formed and the fluvial conglomerates of the Oploca Formation were deposited. This segment of the 
Andes was then tectonically transported to the east, while uplift due to thrusting continued in the eastern Andean front and in 
the Subandean zone. 
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1. Introduction 
During the Cenozoic Andean orogenesis E-ver- 
gent thrusts and associated back-thrusts uplifted the 
Bolivian Andes and formed syn-tectonic sedimentary 
basins (Fig. 1; Roeder, 1988; Baby e t  al., 1989; 
Sempere et al., 1990; Sheffels, 1990; Hérail et al., 
1990). This deformation has also shortened the crust 
by 250 km in  the Subandean Thrust and Fold Belt, 
* Corresponding author. 
Cordillera Oriental and Eastern Altiplano (Sheffels, 
1990; Baby e t  al., 1992a,b). However, in  the Boli- 
vian Altiplano there is evidence for  transcurrent 
faulting prior t o  the Cenozoic thrusting. These move- 
ments generated compressive flower structures, as 
for example the Pululus structure (Fig. 2), and proba- 
'b ly ,  pull-apart basins only observed in  seismic sec- 
tions (Baby e t  al., 1990; Bairio!, 1991). Because, in  
the Altiplano the ' Cenozoic strata are covered by 
extensive Quaterna& deposits,. studying.Andean: , . d i l ? l  i. ..! *.. > tec- 
tonic structures prior to  the 'thrusting, event. is., very 
difficult. , ;,. . ) i * .  L _.. : . . . .  , . .  
0040-1951/96/$15.00 O 1996 Elsevier Science B.V. All rights reserved 
SSDl O 040- 1 9 5 1 (9 5)O O 1 O 8 - 5 
L 
G. Hérail et al./Tecronophysics 259 (1996) 201-212 - . .  202 
In contrast, uplift of the Cordillera Oriental during 
the Cenozoic enhanced the erosion of the Cenozoic 
basins which, in turn, exposed the complete Ceno- 
zoic series: In the Tupiza, Estarca and Nazareno 
basins located in the southern branch of the Cordillera 
Oriental of Bolivia, Cenozoic rocks are extensively 
exposed. In the Tupiza basin, the Cenozoic sedimen- 
tary strata deposited prior to Miocene thrusting are 
well exposed. The purpose of this paper is to present 
new data on the stratigraphy, sedimentology, 
geochronology and structure of these Cenozoic syn- 
tectonic basins and to discuss the tectonic context in 
which they formed. 
2. The Cenozoic basins: sedimentation, magma- 
tism and associated erosional surfaces 
2.1. Geological arid geomorphological background 
The Cenozoic basins of the southern part of the 
Cordillera Oriental of Bolivia developed on two 
main, tectonostratigraphic domains which compose 
this segment of the Andes (Figs. 1 and 2); these are 
the Charazani-Ayoma-Atocha domain to the west 
and the Tarabuco-Villazon domain to the east 
(Sempere et al., 1988). The dextral transcurrent 
Aiquille-Tupiza Fault (FAT) marks the boundary 
of the CÖrdillera Oriental. 
Fig. 1. Location of the studied area. -Tectonic sketch map after Sempere et al. (1988) modified. Main boundary faults (abbreviations for 
Spanish names). CANP =-Main Ande& thrust; CFP = Main Frontal Thrust; FAT= Aiquile-Tupiza fault; FC = Coniri fault; SFK = 
Khenayani fault system; FSV= San Vicente fault; SFCD = Cordillera de Domeyko fault system; SFA = Antofagasta fault system. 
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Fig. 3. Geological map of the central part of the Tupiza basin. 
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6 between the two. In the Charazani-Ayoma-Atocha 
domain, the pre-Cenozoic sedimentary sequence con- 
sists of Ordovician sedimentary rocks (black shales 
of the Cieneguillas Formation and grey shales with 
interbedded sandstone of the Obispo and Agua y 
Toro formations) which were strongly deformed dur- 
ing the Ocloyic phase (Ashgillian in age). Jurassic 
and Cretaceous strata overlie these units in some 
1 , localities. The Tarabuco-Villazon domain consists 
of Late Proterozoic to Middle Ordovician strata that 
were only slightly affected by the Ocloyic deforma- 
tion, but form an angular unconformity beneath 
Jurassic, Cretaceous and Tertiary sequences (Sempere 
et al., 1988). 
In the Tupiza region, three Cenozoic basins are 
well developed: Tupiza, Estarca and Nazareno (Fig. 
2). These basins, together with the Camargo and 
Quebrada Honda basins further east (Fig. 2) form a 
group . of characteristic basins of the southern 
Cordillera Oriental of Bolivia. This segment of the 
Cordillera Oriental is separated from the Altiplano 
(Los Lipez basin) by the San Vicente Fault and from 
the Tarija Block by the Main Andean Thrust (CANP); 
the Tarija Block is separated from the Subandean 
zone by the Main Frontal Thrust (CFP) (Fig. 2). 
In the Tupiza, Estarca and Nazareno basins, the 
valley floors are at an elevation of approximately 
2800 m, while the divides which sepárate the basins 
reach 4000-4200 m and are cut by well-preserved 
erosion surfaces: the Chayanta Surface at more than 
4000 m (Servant et al., 1989) and the San Juan de 
Oro Surface at 3500-3800 m (Servant et al., 1989; 
Sempere et al., 1990; Gubbels et al., 1993). 
2.2. The Tupiza basin: sedimentation 
'' 
& 
s i  
The Tupiza basin is 6-12 km wide; it extends 
north-south almost 100 km in Bolivia (Ahlfeld and 
Branisa, 1960; Montaño, 1966; Claure, 1969) and 
continues southward to Argentina (Turner, 1964, 
1978). The basins' eastern and western boundaries 
are two converging N-S-trending thrusts which place 
Ordovician rocks of the Cordillera on top of the 
Cenozoic continental sediments. The Cenozoic sedi- 
ments preserved in the Tupiza basin (Fig. 3) consist 
of conglomeratic facies with minor carbonate inter- 
calations (Ahlfeld and Branisa, 1960) which form 
four distinctive units (Fig. 4). 
9.32f0.25Ma 8.78*0.17Ma 
S.J.O. Surface 
NAZARENO Fm. 
CATATI Fm. 
I .  
Fig. 4. Synthetic section of the Tupiza sedimentary pile. Ex1 
tions are given in the text. ' , -. 
llana- 
2.2.1. The Catati Formation 
The Catati Formation lies at the base of the 
sequence and has a variable thickness which does 
not exceed 100 m. It crops out throughout the eastern 
margin of the basin, and along the western margin it 
is locally exposed in the Tupiza river valley, up- 
stream from Oploca and at Puca Khasa (Fig. 3). The 
Catati Formation consists of red breccias composed 
of Ordovician shale fragments, and of red gypsifer- 
Palquiza, Quebrada Catati), a more complete se- 
quence which contains fluvial sandstones laterally 
grading to the breccias is locally preserved. These 
sediments grade vertically and laterally to green, 
purple or reddish clays with gypsum veins, gypsum 
and halite beds, and fossiliferous (fish teeth and 
gastropod shells) limestone beds that were deposited 
in lacustrine and evaporitic environments. In the 
Bella Vista (Fig. 5) and Puca Khasa area, breccias of 
the Catati Formation rim the former basin margin. 
ous clays. In the deeper parts of the basin (e.g., s .  
--. 
:- 
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2.2.2. The Tupiza Formation out at Cerro Estancia Bolivar (Figs. 3 and 5) and also 
The Tupiza Formation conformably overlies the just north of Tupiza (Fig. 3). These rocks are compo- 
Catati Formation and varies in thickness from 500 to sitionally similar to those of the Ronda1 Formation 
1000 m. It consists of a thick sequence of red (Kussmaul et al., 1975, 1977) at Los Lipez (Fig. 2). 
conglomerates that form narrow ridges giving the Clasts eroded from such volcanic rocks are ex- 
basin a characteristic landscape (Montaño, 1966). tremely scarce in the Catati Formation but quite 
The conglomerates contain mainly fragments of Or- common in the Tupiza Formation. Biotites from an 
dovician rock, whose diameters reach more than 50 interstratified lava flow near the base of the Catati 
cm, but also intraformational andesite clasts derived Formation (just north of Tupiza), yielded a K-Ar age 
from interbedded volcanic layers, clasts of Mesozoic of 29.9 & 0.9 Ma. In the Tupiza Formation, a sample 
sandstone, and clasts of stromatolites limestones from the lava flow from Estancia Bolivar (Fig. 5) 
(Pucalithus). The latter are characteristic of the El gave a whole-rock K-Ar age of 22 f 0.2 Ma. 
Molino Formation (Maastrichtian), but El Molino 
limestones are not presently exposed near the basin. 2.2.3. The Nazareno Formation 
The conglomerates are interpreted to represent debris The Nazareno Formation with a thickness no 
flows and mud flows, deposited in ,a  proximal allu- greater than 1000 m, overlies the Tupiza Formation. 
vial fan envirônment. j The Nazareno Formation is commonly overthrusted 
Andesitic lavas and dikes occur within the Catati by Ordovician'strata and the Catati and Tupiza for- 
and Tupiza formations. Well-preserved lavas crop mations. In the central parts of the basin, at Que- 
. ,  . . .  , . .  
. .. . . - , . , - .: I - ,  . . . . .-.I - 
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bradas Catati and Puca Wayko or at Quebrada 
Checona, the observedcontact between the Nazareno 
and Tupiza formations is an erosional unconformity. 
Upstream of the Quebrada Puca Wayko, however, 
conglomerates of the Tupiza Formation are weath- 
ered right at their upper contact, and basal beds of 
the overlying Nazareno Formation_ cpntain Kewdced 
fragments of the Tupiza Formation (Fig. 6). At Que- 
brada Checona, the Tupiza and Nazareno formations 
are separated by an angular unconformity (Fig. 7). 
The proximal facies of the Nazareno Formation 
are conglomerates several hundred meters thick, that 
are composed of clasts of Ordovician rocks, and are 
interpreted to be debris flows deposited on alluvial 
fans. Along the basin's axis, the Nazareno Formation 
consists of pink sands and clays deposited in an 
intermediate to distal fluvial environment. These 
lithofacies contain scarce tuff beds and clasts of 
dacite probably associated with the Choroma vol- 
canic event (Montaño, 1966). 
S N 
Fig. 7. The discordance of the Nazareno Formation abowe the 
Tupiza Formation (for location of the Checona area see Fig. 3). 
~upiza F. l@&@i Nazareno F. 
the Quebrada Puca Waykho. 
Near Catati (Fig. 31, a 18 rt 0.5 Ma K-Ar biotite 
age was obtained from a dacitic tuff interbedded 
with fluvial sands. 
2.2.4. The Oploca Formation 
The Oploca Formation (Montaño, 19661, 600 m 
thick of pale-beige coloured sedimentary strata, over- 
lies the Nazareno Formation and locally uncon- 
formably covers the Ordovician series (Fig. 3). It 
consists of conglomerates with sandy matrix and 
subordinate sand beds. The conglomerate is predomí- 
nantely clast supported. The clasts are well rounded 
and fragments of volcanic origin (mainly lavas and 
tuffs of dacitic composition) are abundant. Most of 
this widespread sedimentary strata is formed by beds 
several meters thick. The Oploca Formation was 
deposited in a braided river system. Paleocurrents 
directions indicate transport parallel to the basin axis, 
while in the older formations the flow was directed 
from the margin to the center of the basin. 
The transition from the Nazareno Formation to 
the Oploca Formation does not document a change 
!n the composition of the sediments, but the 
clast/matrix ratio increases. At the outcrop scale, 
both formations appear concordant, but locally the 
Oploca Formation covers the underlying rock units 
in progressive unconformity and, at regional scale, 
and particularly in the northern part of the basin, it is 
clearly discordant (Fig. 3). 
The only tuff bed of the Oploca Formation, which 
does not contain reworked material located high in 
the unit, yielded a biotite K-Ar age of 8.28 rt 0.74 
Ma. In the Casira region (Fig. l), the stratigraphic 
level equivalent of the Oploca Formation is the Rio 
Seco Formation (Cherroni and Cirbian, 1969); a tuff 
., ., *. 
- _  
- 
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intercalated with fine-grained sediments at the top of 
the Rio Chico Formation gave a biotite K-Ar age of 
9.58 f 0.51 Ma. 
2.3. The Tupiza basin: deformation and tectonics 
In the Tupiza basin, syn- and post-depositional 
deformation varies in intensity and nature from one 
sedimentary formation to the other. 
Deformation in the Catati and Tupiza formations 
is intense and is marked by widespread fractured 
pebbles in the conglomerates and fracture cleavage 
in clay layers. Distinctive structures are superposed. 
The oldest ones are scarce synsedimentary N130"- 
striking normal faults having displacements of only a 
few meters. In the Bella Vista area (Fig. 51,' the 
sediments of the Catati Formation, deposited near the 
basin's margin are deformed in N025"E-oriented 
folds, their axes plunge to the northeast. These folds, 
which affect massive layers of breccia, include no 
brittle component and are interpreted to represent 
syndepositional soft-sediment deformation. Other 
folds, having amplitudes of hundreds meters trending 
obliquely to the basin axis, and metric sinistral-re- 
verse faults are present near Tupiza and in the 
northern part of the basin (Fig. 3). The fold axis 
trending is N25-N3O0E and plunges to the northeast; 
the sinistral reverse faults are oriented N150" and 
dipping to the southwest. This fold geometry is 
consistent with N-S-trending faults with sinistral 
movements, but the deformation is difficult to date 
because only the Catati and Tupiza formations crop 
out here. 
The most continuous and recent structures, affect- 
ing the Catati and Tupiza formations, involve also 
the Nazareno Formation and are folds with subverti- 
cal limbs striking N160" to north-south. The fold 
axes are subparallel or slightly oblique to the thrusts 
which bound the basin, and are consistent with E-W- 
to ENE-WSW-oriented shortening. These folds are 
dipping to the south, and in the Quebrada Checona, 
the sedimentary data indicate that this deformation 
might have been active during the deposition of 
Nazareno. Formation (Fig. 6). Locally (south of 
Palquiza, in the central and southern parts of the 
basin), the Nazareno Formation is affected by oblique 
folds oriented in NNW-SSE direction. 
In addition to the observed folds, the Nazareno 
Formation is affected by E- or W-dipping N-S-strik- 
ing thrust faults which place Ordovician rocks over 
the basin fill (Fig. 3). The detachment level of the 
thrusts is located in the Ordovician shales 
(Cieneguillas Formation). The dip of the thrusts is 
very shallow in places: for example 10-15" upstream 
of the Quebrada Epicaya and Quebrada Catati. 
The Oploca Formation is deformed by open N- 
S-trending folds (with limbs dipping less than 100) 
and rarely by reverse faults. 
2.4. The Nazareno basin: sedimentation and defor- 
mation 
The Nazareno basin is located 5 km east of the 
Tupiza basin (Fig. 2). It is 80 km long, 15 km wide 
and N-S oriented. Its eastern edge is a W-vergent 
thrust fault which places Ordovician rocks on top of 
Cenozoic sedimentary strata (cf. Fig. 9). The western 
margin is not deformed. The only Tertiary sedimen- 
tary formation present in these basin is the Nazareno 
Formation. 
The Nazareno Formation, 950 m thick, was de- 
fined in this basin (Montaño, 1966). It starts with a 
basal conglomerate (Lower member) some tens of 
meters thick, composed of poorly rounded clasts of 
Ordovician slate. Interbedded clay and poorly sorted, 
fine-grained sands with minor conglomerate (Middle 
and Upper member, Oiso, 1991) overlie the basal 
conglomerates. To the north, these three sedimentary 
members are interlayered with dacitic pyroclastic 
deposits. 
A 20.9 rf: 0.6 Ma biotite K-Ar age was obtained 
from pumice of an interbedded ignimbrite deposit 
near the base of the Lower member. A fossil land 
mammal fauna collected (Oiso, 1991) in the Middle 
member and in the lower part of the Upper member 
was assigned to the Middle Miocene (Colloncuran 
age; 15-12 Ma); and a mammal fossil found near 
Suipacha (Castellanos, 1925) was considered to be 
Late Miocene in age (Hoffstetter, 1977). 
2.5. The Estarca basin: sedimentation and deforma- 
tion 
The Estarca basin is located 10 km west of Tupiza 
basin (Fig. 2). It is N-S oriented, 70 km long and 
6-12 km wide. Its geometry is similar to that of the 
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Fig. 8. Cross section in the Estarca piggy-back basin. 
Nazareno basin with a tectonically active eastern 
border formed by a W-vergent thrust, but an unde- 
formed western border (Fig. 8). , 
The detrital sedimentary fill consists of -a con- 
glomerate containing fragments of Ordovician rocks, 
and fine-grained deposits with some intercalated re- 
worked tuff. The series- thickens- eastward, across the 
basin. Along the eastern border, 1000- 1500-m-thick 
syntectonic conglomerate was deposited in an allu- 
vial fan environment fed from reliefs located to the 
east, and activated by N-S-oriented westward verg- 
ing thrusts (Fig. 8). Along the western border of the 
basin, the sediments consist of a reddish conglomer- 
ate with angular clasts of Ordovician rocks. They 
onlap the Ordovician bedrock to the west. These 
conglomerates were deposited by sheet floods events 
in a gently sloping pediment environment at the back 
of the reliefs generated by the San Vicente fault 
(Figs. 2 and 9). The conglomerates grade laterally 
towards the center of the basin to fine sediments 
representing flood-plain deposits (Fig. 8). The sedi- 
ments of the Estarca basin are of the same lithofacies 
and clast petrology composition as the sediments 
which compose the Nazarenó Formation. Moreover, 
in the northern part of the Estarca basin, they overlap 
the Tupiza Formation (Fig. 3). Therefore, the infill 
. L -  
w 
of the Estarca basin can be assigned to the Nazareno 
Formation. 
2.6. Erosional sufaces marking the end of the sedi- 
mentary infill - 
- The topograpl$c_highs. that separate-the different 
basins rise nearly ,4000 m and bear remnants of the 
Chayanta Surface (Servant et al., 1989; Sempere et 
al., 1990), which is not covered by sediments. At 
3500-3800 m, a more widely developed flat or 
smoothly dissected surface referred to the San Juan 
de Oro erosion surface (SJO, Fig. 2) extends acrqlss 
both the Cenozoic deposits and adjacent Ordovician 
strata. The SJO surface is more widely developed 
than the Chayanta Surface and has a discontinuous 
sedimentary cover (south of the Estarca basin, 
Mochara Pampa, Villazon area), composed by con- 
glomerates deposited either in fluvial or pediment 
environments, or in places, by flood-plain and lacus- 
trine deposits. These deposits are undeformed. 
Biotites of volcanic tuffs interbedded in sediments 
covering the San Juan de Oro Surface have been 
dated by the 40Ar-39Ar method (Gubbels et al., 1993). 
A sample from Salitre Pampa near Villazon was 
dated at 8.78 If: 0.17 Ma and another from Nekheta, 
J - _  . 
E , r  
4000m 
Om 
Mesozoic and Vjcente Formation &Nazareno Formation m o p l o c a  Formation Formation 
Ordovician 
6 KM - "- 
Fig. 9. Interpretative W-E cross section from the Nazareno basin to the San Vicente fault. 
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north of Mochara Pampa (Fig. 41, at 9.32 4 0.25 Ma. 
These ages are similar to those from tuffs at the top 
of the Oploca Formation. 
3. Tectonic significance and deformation of the 
Cenozoic sediments 
The presence of N130O-oriented normal synsedi- 
mentary faults, the abundance of breccias of local 
provenance in the Catati and Tupiza formations indi- 
cate that they were deposited in an extensional envi- 
ronment. It is very likely that several basins coex- 
isted; the main one being the one to the east of the 
Tupiza basin, while small outcrops might represent 
small subsidiary basins (Fig. 3). The geometry of the 
Tupiza basin, narrow and N-S elongated, and the 
presence of a N25-30" fold axes trend, probably 
synsedimentary in origin, suggest that the sediments 
were deposited in a pull-apart basin developed along 
N-S-striking sinistral wrench faults. To the north of 
Bella Vista (Fig. 51, the uplift of Ordovician rocks is 
also compatible with a sinistral N-S-oriented wrench 
tectonics. 
In contrast, the Nazareno Formation was de- 
posited in a compressional environment during the 
activity of marginal thrust faults, as indicated by the 
sedimentary facies and paleoflow directions. The 
relations between Miocene sedimentary bodies and 
thrust faults show that the Nazareno and Estarca 
basins formed on active thrust sheets, and, thus, 
correspond to piggy-back basins. The S-dipping 
N160O-trending folds observed south of Palquiza (Fig. 
5) and in the southern margin of basin are oblique to 
the thrusts which bounded the basin, They are com- 
patibles with a dextral movement of the thrusts. 
The upper levels of the Oploca Formation, north 
and northeast of the Tupiza basin, overlap the thrusts 
and unconformably overlie Ordovician rock (Fig. 3). 
This sedimentary and tectonic study shows that 
the Tupiza basin evolved successively under two 
different tectonic regimes: 
(1) The Tupiza basin initially opened between 29 
and 22-21 Ma as a pull-apart basin along N-S- 
trending sinistral transcurrent faults, during the depo- 
sition of Catati and Tupiza formations. The existence 
of N-S-trending sinistral faulting has also been de- 
scribed in the Altiplano (Baby et al., 1990) and 
neighbouring latitudes in the arc domain (e.g., Reut- 
ter et al., 1993) for the same period. 
(2) The evolution continued, between 21-20 and 
10-9 Ma, with E- or W-dipping N-S-striking thrusts, 
giving rise to the present morphology. The Tupiza 
basin was shortened and overthrusted, while the 
Nazareno and Estarca basins formed. The three basins 
were filled by sediments of the Nazareno Formation 
while being carried piggy-back on moving thrust 
sheets (Fig. 9). 
The N160O-trending folds, oblique to the thrusts 
and involving the Nazareno Formation, are consis- 
tent with dextral strike-slip movement, well docu- 
mented in the southem part of the Cordillera Oriental 
and the Bolivian Subandean fold-and-thrust belt 
(Sempere et al., 1988; Baby et al., 1993). 
In the Estarca basin, the upper part of the sedi- 
mentary fill is onlapping against the relief generated 
by the San Vicente fault (Figs. 2 and 9); it has 
recorded a decrease in the activity of this fault. This 
is supported by the weak deformation exhibited by 
the ignimbrites dated at 15.05 & 0.5 Ma, which in 
the Guadalupe region (Fig. 21, west of the San 
Vicente Fault, cover the Lower Miocene San Vicente 
Formation (Hérail et al., 1993). On the contrary, 
further east, between the CANP and the CFP (Fig. 
2), the Cenozoic La Yesera Formation of the Tarija 
basin is folded with N-S-striking axes; a K-Ar bi- 
otite age of 6.4 & 0.4 Ma was obtained from tephra 
interbedded with the sediments. This indicates that 
the folding event was younger east of the CANP 
than west of it. In the Subandean thrust and fold belt, 
east of the CFP, deformation began at around 10 Ma 
(Marshall et al., 1993; Gubbels et d., 1993; All- 
mendinger et al., 1993) and is still active (Jordan et 
al., 1983) as a consequence of thrusting of this 
portion of the Andean belt. 
' _  
." . 
4. Conclusions 
The sediments and the tectonic structures pre- 
served in the Tupiza and neighbouring basins were 
generated during a period which started at the end of 
the Oligocene, at about 29 Ma and ended in the late 
Miocene (10-9 Ma) (Fig. 10). 
Between 29 and 22-21 Ma, the basin opened as a 
pull-apart related to N-S-striking sinistral wrench 
faulting. 
I 
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Fig. 10. Summary of the chronology, sedimentary and tectonic evolution of the basins of the Tupiza region. 
After 20-21 Ma, both sedimentation and defor- 
mation were controlled by the activity of N-S-strik- 
ing thrusts. The change of the tectonic setting coin- 
cides with a great increase in the convergence veloc- 
ity between the Nazca and South America plate 
(Pardo-Casas and Molnar, 1987) that triggered 
thrusting to absorb the shortening. Their geometry 
results in that of the Nazareno and Estarca basins 
which developed as piggy-back basins while the 
Tupiza basin acquired a characteristic geometry with 
marginal thrusts with centripetal vergence (full ramp 
basin, Cobbold et al., 1993). The dextral motions 
along the Aiquille-Tupiza Fault (FAT) are probably 
contemporaneous with some oblique folds (N160") 
which deformed the Nazareno Formation, and con- 
sistent with the dextral wrench component of 
Miocene thrusting which characterize the southern 
branch of the Bolivian Orocline. 
At around 10 Ma, thrusthg was limited or had 
stopped, as indicated by the weak deformation of the 
Oploca Formation. During this tectonic quiescence, 
the San Juan de Oro' erosional surface developed; 
producing a great part of the sediments which were 
deposited in the Oploca Formation. Although by this 
time tectonic deformation ceased i? this area, it was 
still active at the same latitude further east in the 
Subandean Zone. At 10 Ma the deformation 
"jumped" towards the foreland, probably due to 
blocking of the deformation in the upper crust west 
of the CANP. However, uplift of the western part of 
the Cordillera Oriental continued, while being car- 
* L  
' 
ried passively on the moving CANP, CFP and 
Subandean thrusts. __ . 
Acknowledgements 
Logistical and financial support was supplied by 
ORSTOM (Institut Français pour la Recherche Sci- 
entifique pour le Développement en Coopération) 
and Yacimientos Petrolíferos Fiscales Bolivianos. ve 
thank J. Blanco and L. Barrios (YPFB) for assistance 
and discussions during the field work, Jose Cem- 
brano, Reynaldo Charrier, Francisco Hervé and 
Roland Brady (Departamento de Geologia de la Uni- 
versidad de Chile) for constructive discussion during 
the writing of the paper. Finally, the paper has 
benefited from critical review of two anonymous 
referees to whom the authors express their thanks. 
. _  
References 
Ahlfeld, F. and Branisa, L., 1960. Geol. Boliv. Inst. Bol. PetrÓl. 
245. 
Allmendinger, R.W., Gubbels, T., Isacks, B. and Cladouhos, T., 
1993. Lateral variations in Late Cenozoic deformation, Central 
Andes, 20-283. ORSTOM ISAG, 93: 155-158. 
Baby, P., Hérail, G., Lopez, J.M., Lopez, O., Oller, J., Pareja, J., 
Sempere, T. and Tufiño, D., 1989. Structure de la zone 
subandine de Bolivie: influence de la géométrie des séries 
sédimentaires antéorogeniques sur la propagation des 
chevauchements. C. R. Acad. Sci. Paris, Sér. 11, 309: 1717- 
1722. 
212 G. Hérail et al . /  Tectonophysics 259 (1996) 201-212 
Baby, P., Sempere, T., Oller, J., Barrios, L., Hérail, G. and 
Marocco, R., 1990. Un bassin en compression d’lge oligo- 
miocène dans le sud de 1’Altiplano Bolivien. C. R. Acad. Sci. 
Paris, Sir. II, 311: 341-347. 
Baby, P., Hérail, G., Salinas, R. and Sempere, T., 1992a. Geome- 
try and kinematic evolution of passive roof duplexes deduced 
from cross section balancing: example from the foreland thrust 
system of the Southern Bolivian Subandean Zone. Tectonics, 
Baby, P., Sempere, T., Oller, J. and Hérail, G., 1992b. Evidence 
for major shortening on the eastern edge of the Bolivian 
Altiplano: the Calazaya nappe. Tectonophysics, 205(1-3): 
Baby, P., Guillier, B., Oller, J. and Montemurro, G., 1993. 
Modèle cinématique de la Zone Subandine du Coude de Santa 
Cruz (entre 16“s et 19%. Bolivie) déduit de la construction de 
cartes équilibrées. C. R. Acad. Sci. Paris, Sir. II, 317: 1477- 
Barrios, L., 1991. Análisis tectónico de la estructura de Pululus: 
Altiplano sur. Rev. Tec. YPFJ3, 12(2): 275-284. 
Castellanos, A., 1925. Un nuevo dasipodino extinguido en la parte 
meridional de Bolivia. Dasypodon afaous, n.g. et nsp. An. 
Mus. Nac. Hist. Nat., 33: 255-285. 
Chenoni, C. and Cirbian, M., 1969. Informe sobre la geología de 
la región de Casira; sector comprendido entre Chagua por el 
norte, la frontera argentina por el sur, la localidad de Sarcari 
por el oeste y la planicie de Kara Loma por el este. Yacimien- 
tos Petrolíferos Fiscales Bolivianos Rep. (unpubl.). 
Claure, H., 1969. Estudio geológico de la región de Chagua- 
Kasira. Thesis, Univ. Mayor San Andrés, 58 pp. 
Cobbold, P.R., Davy, P., Gapais, D., Rosello, E.A., Sadybakasov, 
E., Thomas, J.C., Tondji Biyo, J.J. and De Urreiztieta, M., 
1993. Sedimentary basins and crustal thickening. Sediment. 
Geol., 86: 77-89. 
Gubbels, T., Isacks, B. and Farrar, E., 1993. High-level surfaces, 
plateau uplift and foreland development, Bolivian Central 
Andes. Geology, 21: 695-698. 
Hérail, G., Baby, P., Lopez, M., Oller, J., Lopez, O., Salinas, R., 
Sempere, T., Beccar, G. and Toledo, H., 1990. Structure and 
kinematic evolution of the Subandean thrust system of Bolivia. 
Hérail, G., Fornari, M. and Pozzo, L., 1993. Emission d‘or 
particulaire au cours des phases de volcanisme explosif du 
Miocène du sud de I’Altiplano de Bolivie. C. R. Acad. Sci. 
Paris, Sir. II, 316: 1431-1438. 
Hoffstetter, R., 1977. Un gisement de mammiferes miocènes ‘a 
Quebrada Honda (Sud bolivien). C. R. Acad. Sci. Paris, Sér. 
1 l(3): 523-536. 
155-1 69. 
1483. I .  
ORSTOM ISAG, 1990: 179-182. 
D, 284  1517-1520. 
Jordan, T.E., Isacks, B.L., Allmendinger, R.W., Brewer. J.A., 
Ramos, V.A. and Ando, C.J., 1983. Andean tectonics related 
to geometry of subducted Nazca plate. Geol. Soc. Am., 9 4  
Kussmaul, S., Jordán, L. and Ploskonka, E., 1975. Isotopic ages of 
tertiary volcanic rocks of the SW Bolivia. Geol. Jahrb., 1 4  
1 11 - 120. 
Kussmaul, S., Hormann, P.K., Ploskonka, E. and Subieta, T., 
1977. Volcanism and structure of southwestern Bolivia. J. 
Volcanol. Geotherm. Res., 2: 73-1 1 1. 
Marshall, L.G., Sempere, T. and Gayet, M., 1993. The Petaca 
(Late Oligocene-hliddle Miocene) and Yecua (Late Miocene) 
formations of the Subandean-Chaco basin, Bolivia, and their 
tectonic significance. Doc. Geol. Lyon, 125: 291-301. 
Montaño, D., 1966. Estudio geológico de la región de Tupiza- 
Estarca-Suipacha (Prov. Sud Chichas, Depto. Potosi). Thesis, 
Univ. Mayor San Andrés, 76 pp. 
Oiso, Y., 1991. New land mammal locality of Middle Miocene 
(Colloncuran) age from Nazareno, Southern Bolivia. Rev. Tec. 
Pardo-Casas, F. y d  Molnar, P., 1987. Relative motion of the 
Nazca plate (Farallon) and the South American plates since 
late Cretaceous time. Tectonics, 6(3): 233-248. - 
Reutter, K.J., Chong, G. and Scheuber, E.; 1993. The “West 
Fissure“ and the Precordilleran fault system of Northern 
Chile. ORSTOM ISAG, 1993: 237-240. 
Roeder, D., 1988. Andean-age StrÚctures of Eastern Cordillera 
(Province of La Paz, Bolivia). Tectonics, 7: 23-29. 
Sempere, T., Hirail, G. and Oller, J., 1988. Los aspectos estruc- 
turales del oroclino boliviano. Proc. V Congr. Geol. Chil., 1: 
Sempere, T., Hérail, G., Oller, J. and Bonhomme, M.G., 1990. 
Late Oligocene-early Miocene major tectonic crisis and re- 
lated basins in Bolivia. Geology, 18: 946-949. 
Servant, M., Sempere, T., Argollo, J., Bernat, M., Feraud, G. and 
Lo Bello, P., 1989. Morphogenèse et soulèvement de la 
Cordillère Orientale des Andes de Bolivie au Cénozoïque. C. 
R. Acad. Sci. Paris, Sir. II, 309: 417-422. 
Sheffels, B., 1990. Lower bound on the amount of crustal shorten- 
ing in the central Bolivian Andes. Geology, IS: 812-815. 
Turner, J.C.M., 1964. Descripción geológica de la hoja 2b, La 
Quiaca. Carta geológico-económica de la República Ar- 
gentina. Bol. 103, Escala 1/200.000, 109 pp. ~ 
Tumer, J.C.M., 1978. Descripción geológica de las hojas l a  y 13, 
Santa Catalina y 2a, San Juan de Oro. Carta geológico- 
económica de la República Argentina. Bol. 156-7, Escala 
1/200.000. 56 pp. 
341-361. 
YPFB, 12(3-4): 653-672. 
- 
A 127-A142. 
Reprinted from 
ECT 
INTERNATIONAL JOURNAL OF GEOTECTONICS AND THE 
GEOLOGY AND PHYSICS OF THE INTERIOR OF THE EARTH 
Tectonophysics 259 (1996) 201-212 
Strike-slip faulting, thrusting and related basins in the Cenozoic 
evolution of the southern branch of the Bolivian Orocline 
Gérard Hérail a**, Jaime Oller b, Patrice Baby c’d, Michel Bonhomme d, Pierre Soler e 
a Orstom, Cooperation Agreement Orstom - Dep. de Geología Uniu. de Cliile, Casilla 53390, Correo Central, Santiago I ,  Chile 
Petrolex, Casilla 3969, Santa Cruz de la Sierra, Bolivia 
Orsrom, Cooperarion Agreement Orsrom-YPFB, Casilla 4875, Santa Cruz de la Sierra, Bolivia 
Unii!. Juseph-Fourier, URA 69 CNRS, 14 Rue Maurice Gignour, 38081 Grenoble Cedex. France 
. 
e Orstom, 213 Rue La Fayette, 75480 Paris Cedex IO, France 
- . Received 10 November 1994; accepted 19 July 1995 
ELSEVIER 
